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NOMENCLATURE

The following notations are used in this thesis. In

some places, same notations are used in different context.

In such cases, the meaning of the case is explain in those

places.

Q ()] H ® © O P

o

g

[k]

Top width of the section considered

Bottom width

Mean diameter at the section of the Cooling Tower
Modulus of elasticity of the material

Form factor

Shear Modulus

Accelaration due to gravity

Height of the dam

Height of Station i from the bottomn

Height of the C.G. of the dam above the kase
Moment of inertia

Stiffness matrix

Mass matrix

Mass associated with ith degree of freedom

Number of bays
Natural frequency of vibration
Offset distance

Average accelaration coefficient



Single Degree of Freedom system

ISt mode period in sec.

IInd mode period in sec.

IIIrd mode period in sec.

Two Degree of Freedom system
Absolute value of maximum shear at
Total weight of the Dam
Displacement Vector

Accelaration Vector

Station distance measured from the

the ith storey

bottom

Design horizontal seismic coefficient

Ratio of top to bottom width

Principal flexibility incluence coefficient

Deflection due to flexure
Deflection due to shear
Rotation due to flexure

=
e

Density of material



CHAPTER I
INTRODUCTION

The essential background for study in the field of
earthquake engineering is, of course, the earthquake itself.
The detailed study of earthquakes and earthquake mechanisms
lies in the province of seismology, but in this studies the
earthquake engineer must take a different point of view than
the seismologist. Seismologists have foccussed their
attention primarily on the global or long range effects of
earthquakes and therefore are concerned with very small
amplitude . ground motions which induce no significant
structural responses. Engineers, oOn the otker hand, are
concerned mainly with the local effects of large earthquakes,
where +the ground motions are intense enough to cause
structural damage. These so-called strong motion ear:-hquakes
are too violent to be recorded by the typical seisnographs
used by seismologists and have necessitated the development

of special types of strong motion seismographs.

Earthquakes systematically bring out the mnistakes made

in the design and construction - even the most minute
mistakes; it is this aspect of earthquake engineering that
makes it challenging and fascinating and cives it an

educational value far beyond its immediate objectives.



A good portion of the loads on the structures can be
considered as static loads requiring static analysis only.
Although almost all the loads except the dead loads are
transient in nature they are considered as static. The
increasing availability of high speed digital computers has
initiated the trend that the earthquake motion, blast effects
etc are represented as dynamic loads. During an earthquake
the structure is subjected to rapid ground disolacements and
experiences internal forces which include inartia forces,
damping forces and elastic forces. The magnitide off these
forces are functions of mass of the buililing, dynamic
properties of the building such as its mode shaje, periods of
vibration and its damping characteristics.' ‘"The dynamic
analysis involves the idealization of the struc:ture so that a
mathematical model can be formulated fFinally, the
determination of the response of the mathematical mocdel for

suitable ground motion.

In this thesis approximate methods are pu: forward for
finding the natural period of gravity dam, earthdam, cooling
tower and vierendeel girder. For performing the modal
analysis recommended by IS 1893-1984 modal pericds and
amplitude of vibration are necessary. So in this thesis
simplified equations are proposed to find the eigen péirs of

gravity dam, earthdam and cooling tower.



CHAPTER II

DYNAMIC ANALYSIS
2.1 General

For large or complex structures statis methods of
seismic analysis are not accurate enough and nany authorities
demand dynamic analysis for certain type and size of
structure. Various methods of differing complexity have been
developed for the dynamic seismic analysis of structures.
They all have in common the solutions of the equations of
motion as well as the usual statical xz2lationsnips of
equilibrium and stiffness. For any structure with more than
three degrees of freedom such analysis are sarriad out Dby

-

matrix methods on computers.
2.2 Different methods of dynamic analysis

The +three main technigues currently used for dynamic

analysis [él are

i) Direct integration of the equations of by step-by-step
procedure

ii) Normal mode analysis

iii) Response spectrum techniques

Direct integration provides the mos: powerful and

informative analysis for any given earthquake motion. A time-
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ABSTRACT

Natural period is the basic parameter necessary for
evaluating the base shear and base moment due to

dynamic effects like blast loadings, earthquake motion etc.

In this thesis two approximate mathematical models are
put forward for finding the natural period of gravity dams.
For cooling tower an approximate method is propounded for
finding the natural period. éfFor Vierendeel Girder

approximate method of analysis is done and an eguation is

given for finding the natural period.

Y\ Code suggests that seismic coefficient method and
P —

response spectrum method are meant only for preliminary

design of dams. For fin;l design dynamic analysis 1is

desirable. But it doe;gi£ indicate the type of dynamic

analysis. Here modal analysis is performed.

For gravity dam, earthdam and cooling tower a method is
suggested for assessing the periods and amplitudes of
vibration. This is necessary for performing modal analysis.
These approximate methods are important as a means of

checking computer results.



dependent forcing function is applied and the corresponding
response history of the structure during the earthquake is
computed. That is the moment and force diagrams at each of &
series of prescribed intervals throughout the applied motion

can be found.Three dimensionaljponlinear analysis have been

e

devised which can take the three orthdganél accelerogram
components from a given earthquake anc. apply them
simultaneously to the structure. In principle, this 1is the

most complete dynamic analysis technique sc fzr devised, and

is unfortunately correspondingly expensive to carry out

Linear Dbehaviour is seldom analysed by direct
integration, unless mode coupling is involved, as normal mocde

techniques are easier, cheaper and nearly as sccurate.

Normal mode analysis is a more limited technijue than

F

. . . LN ‘e .
direct integration, as.its!depends on artifically seperating

S 4

the normal modes of vibration and combining the forces and
displacements associated with a chosen number of them by
superposition. As with direct integration techniques, actual
earthquake accelerograms can be applied to the structure and
a stress-history determined, but because cf +the use of
superposition the technique is limited to linear material
behaviour. Although modal analysis can provide any desired

oxder of accuracy for linear behaviour. By



1corporating all the modal responses, some approximation 1is
yrmally made by using only the first few modes in order to

ywve computation time.

The most serious shortcoming of linear analysis is that
ey do not accurately indicate all the members requiring
aximum ductility. For important structures in zones of high

>ismic risk, non-linear dynamic analysis is required.

The response specturm technique is really a simplified
pecial case of modal analysis. The modes of vibration are
oetermined in period and shape in the usual way and the
aximum response magnitudes corresponding to each mode are
ound by reference to a response spectrum. But the

imitations of this method is that this can be used for

reliminary design only.

In this thesis work Modal analysis 1is performed. In
his analysis the mathematical formulation is such that it
educes the multidegree of freedom into as many single degree
f freedom as the original degrees of freedom, each with an
ndependent second ofder differential equation being similar

o the equation of single degree of freedom systems.

.3 Theory of Modal Analysis [12]

For a multi degre~ of freedom undamped system, the

juation of motion can be given as



27N
\

[mlx{Xij+ [k] {x} = {G) as a coupled equation (2.1)

e

where {G} is a function of time.

Let the transformation be

(x} = fal {y} ) (2.2)

{x} = [al {¥} . (2.3)
where {y} - ©principal co-ordinates
[al] - orthogonal eigen vector matrix

Substituting (2.2) and (2.3) in (2.1) we get

[m] [al {y} + [k] [a] {y} = {G} (2.4)

Premultiplying (2.4) with [a]T, there

[a1” [m] [a) {y} + [l (k] [a] {y} = [al” (G (2.5)
[a]T fm} [a] = [M] is a diagonal mass matrix
[a]T [k] [a] =£fkj)is a diagonal stiffness matrix
[a1? (e} = (R}

Equation (2.5) becomes

M1 {y} +

(K] {y} = (R} (2.6)

e i

is an uncoupled equation, containing only one

variable.



2.4 Code Procedure for Modal Analysis

(71 (9]

The modal analysis described in and is a semi
automated procedure in which the first step is to obtain che
eigen pairs. With the knowledge of eigen pairs, modal

analysis can be performed manually.

Steps
1. Determination of eigen pair for the first three modes.
2. Determination of Horizontal seismic coefficient by

h(r) = B1rF, sa/g'*) (2.7)
e p -~ a coefficient depending upon the soil-foundation
system (see Table 2.1)
I - A factor dependant upon the importance of the
structure (See Table 2.2)
F_ - seismic zone factor for average acceleration
spectra (see Table 2.3)
Sa/g - Average acceleration coefficient as read from
Fig.2.1 for appropriate natural period and damping
of the structure.

3. Determination of Mode participation factor for each

mode



where W. - weight of floor i

i
¢i(r) - Mode shape coefficient at floor i
- in rP node vibration obtained
from free vibration analysis
C(r) - Mode particupation factor
4. Computation of lateral force and shears for all the

three modes.
(r) _ (r) (r)
The lateral load Q, =k W, ¢, C. %y (2.9)

where k - performance factor depending upon the
types of buildings

5. The combination of shears for the three modes.

After getting shear forces in each moce, the total

shear force obtained by the superposition of first three

modes as follows,

3 3 -
v, = -7y = v, £ (v.5)* (2.10)
i T i i
r=1 r=1
where Vi(r) - absolute value of maximum shear at the
ith storey in the rth mode; the value of

shall be as given in table 2.4.
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Table 2.3 VALUES OF BASIC SEISMIC COEFFICIENTS AND SEISMIC

- ZONE FACTORS IN DIFFERENT ZONES

S1. Zone No. MEETHOD
No.
Seismic Coefficient Response Spectrum
Method Method
Basic horizontal Seismic zone factor
seismic coefficient for average acceler-

ation spectra to be
used with Fig. 2.1,

F
o
(1) (2) (3) (4)
i) \Y 0.08 : 0.40
ii) v 0.05 0.25
iii) III 0.04 ' 0.20
iv) II 0.02 0.10
V) I 0.01 0.05
NOTE : For under ground structures and foundations at

30 m depth or below, the basic seismic coefficient
may be taken as 0.5 & ; for structures placed
between ground 1level afd 30 m depth, the Dbasic
seismic coefficient may be linearly interpolated
between aco and 0.5 aco.




Table 2.4 DIFFERENT VALUES OF Y

Height, H Y
m
Upto 20 0.4
40 0.6
60 0.8
90 1.0
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CHAPTER 3

GRAVITY DAM

3.1 General_

Gravity dams wusually form an important element of
multipurpose projects 1like hydroelectric, irrigation and
flood control. In India, many river valley projects are
located in the seismically active zcnes and thus dams
located in these regions will be subjected to dynamic forces
caused by earthquakes. It is, therefore, essential that
these dams should be designed taking into account anticipated
earthquake forces so that they can safely withstand future
shocks without seismic damage since the failure of a dam 1is
far more disastrous to a community than that of other

structures.

At the failure of an earthquake, besides the normal
forces, namely, self weight, water pressure and silt or earth
pressure, inertia and hydrodynamic forces act on a dam. The
inertia force is the product of mass and acceleration and
their force acts in the direction opposite to that of the
ground motion. The horizontal inertia force acts from u/s to
D/S as well as from D/S to u/s. Similarly the vertical
inertia force acts from downwards as well as from upwards to

downward direction. An acceleration downwards cdlecreases the

gt
e



eight. The dam is designed from the worst ccmbination ie

or the horizontal and vertical inertia forces.

The dynamic behaviour of dam-reservior system is
sually evaluated treating the dam and reservior as two
ncoupled system, namely, dynamic responce of the dam
gnoring the effect of reservior water and hydrodynamic
ressure on the dam to represent the effect of reservoir
ater. It is invariably assumed that the interaction effects
etween the dam and reservoir are small so that the solutions
f the uncoupled system can be combined to obtain a complete

solution for the response of the dam.
}.2 Literature Review

) As early as 1933, Westergaard Propounded an empirical

‘ormula for finding the natural period of concrete

1ams[5]. Westergaard finds the time of vibration for a

oncrete gravity dam of triangular section, reservior empty,

vith a modulus of elasticity of 20000001b/inch2
h
ts = e (3.1)
2000 1
Nhere tS - time of vibration in seconds
h - height of dam in feet

1 - base length in feet



Taking the variation of modulus of elasticity and

converting the equation into S.I unit.

0.1926 H?
t o= mmmoo—ee- : (3.2)
1JE
Cc “~ .
vhere >
Ec - Modulus of elasticity in{Mpa
H - height of dam in metres =
1 - bggé%gggﬁh in metres

%

\
Westergaard's equation is very potent for finding the

period with amazing simplicity for use in preliminary desiun of

dams subjected to earthquake effects.

ii) For concrete dams 1S: 1893-1894 gives the formula for

finding the fundamental period of vibration.

Where
T =~ fundamental period in seconds
H - height of dam in metres
B -  Dbasewidth of dam in metres
Wm - unit weight of the material of the dam kgf/m3
g - agcelaration due to gravity m/sec2
E - Moduluéhgf elasticity of the material }:g/m2



Seismic coefficient method for dams upto 100 m height
1d response spectrum method for dams greater then 100 m height
re meant oniy for preliminary design of dams. For final

>sign dynamic analysis is desirable.

ii) Manicka Selvam, Palaniraj and Shaji in the year 1987
roposed an equation to find the fundamantal period of concrete

ams using finite element method[l4].

T o= emmmmmmmmmmem (3.3)

here
T - fundamental periods in seconds
H - height of the dam in metres
Ec - Young's Modulus of concrete in N/mm2
& - Ratio of top width to bottom width of dam
iv) Manicka Selvam, Kathiroli and Geethakumari in the year

1992 proposed an equation for finding the natural period of

vibration of concrete dams[l3].

For finding the natural
period of the system, the fundamental frequency must be
known. A closed form solution was put forward for finding
the fundamental frequency.

1 0.3f 1% 12
je ===y = —mmemmmmope (3.4)



Where

.—“
I

density of concrete

~Total hight of the dam in metres

o
!

bottom width is metres

¢ - Top width in metres

But this formula is useful only for preliminary
calculations only. For getting a satisfactory solution for the

period, exact dynamic analysis is a must.

3.3 Natural Period

In the design of concrete and masonry dams IS: 1893-
1984 suggésts the earthquake forces shall be considered
besides the hydrodynamic forces. For determining the same,
dynamic analysis is necessary for preliminary design seismic
coefficient method or response spectrum method in recommended
depending upon the height for finding the base shear and base
moment induced in the dam during earthquake. To determine the

same, natural period of the dam must be known.

For this purpose, the following formulas put forward in

the code

(3.5)

T - fundamental period in second



H - height of the dam in metres

B - Base width of the dam in metres
Wm - Un}t weight of the material of the dam kgf/m3
g - Accelaration due to gravity in m/sec:Z

E, - Modulus of electricity of the material kg/m2

The provenence of the formula is not known, however the
equation is simple. Therefore it would be desirable to
substantiate the validity of the same through mathematical
model. With this objective in view in this thesis a

realistic method is propounded for assessing the period.

For finding the natural period, frequency must be
known. Frequency analysis of a dam can be performed in two
ways. One avenue is to use the formulation of partial

differential egquation, treating the dam as a continuous
system. Since the profile of the dam is irregular,
theortical solution of the partial differential equation 1is
an impossible task. The other alternative is to analyse the
dam as a discrete system using the finite element technique.
The disadvantage is apart from time factor, proficiency in
several disciplines is required which is a serious hindrance
and is beyond the reach of many designers. Here a simple
theory is suggested using the elementary principiles of
strength of materials and structural dynamics for assessing

the natural period in a rational manner.



3.4 Proposed SDOF Model

In general, a complex system with mass continuously
distributed such as the dam may be approximated as a SDOF
system and its vibration characteristics can be studied.
Conversion of the dam into a SDOF system is rather a crude
way of performing dynamic analysis. Fig 3.1 shows a typical

AN

: s
profi@g} of the dam, it is the simplified modzl of a more

complex outline.

Tt is assumed that the structure is founded on: rck

which will not settle or slide due to loss of strength durfﬁé
*,

vibration. In otherwords, a perfect fixing at the bottom is

assumed which leads to the illation that the mass c¢lose to

the bottom will not oscillate during vibration.

At present little is known about how much mass 1is
actually participating in the motion. In the absence of
reliable information on this aspect the entire mass 1is
assumed to concentrate at mid height of the dam. With this

premisék\fhe dam is converted into a S$.D.0.P system.

3.4.1 Computation of spring factor

The lateral dimension is such that the deformation of

the dam consists of both shearing and bending. The variation



f accelarating due to gravity (g) and modulus of elasticity
E) are linear. We can add the deformation due shear and

lexure to get the combined effect.

.4.1.1 Shearing Deflection Component

A cantilever of height h with rectangular c/s is shown
n Fig. 3.2, with a unit load acting at the top where the
lirect flexibility influences coefficient is needed. The

/idth of the beam perpendicular to the paper is considered as

inity.

Shearing deformation dd~ of the small element ABCD

with height dx is given by[zo]

ar’ = —mmmm——- (3.6)

where G = shearing modulus
A = bx 1l c/s area
b = width of the cantilever

Integrating between limits 0 and h Egqn. (3.6) beams

——————— (3.7)

In Fig. 3.3 a tapering cantilever with unit load

acting at the top. An element ABCD with height dx 1is



considered at a distance x from top. The element ABCD is so

small, that it <can be considered as a rectangle so that

AB = CD.

Similar to Egn. (3.6), the small contribution of the
element ABCD to shearing deflection is

] 1.2 dx
dd = e (3.8)

where A = AB x 1

A = [a+ (——-—- ) 1 x 1 (3.9)

Substituting Egn. (?.9) in egn. (3.8) and integrating between

the limits 0 and h leads to
d = mmm—————- ln b/a (3.10)
Which is valid for 0 < a < b. Using egn. (3.10) the
shearing deflection contribution due to unit load is found.
3.4.1.2. Bending Reflecting Component

In Fig. 3.4 the tapering cantilever is subjected to

unit load at the top,

depth at section x - x = [a + (—-===-- yx1] (3.11)



Moment of Inertia = I = ----b' [a + (-~--- Yx ] (3.12)

-

{/ﬂhére b' is unity

The differential egn. of flexure beam

El ——==- E=S -M (3.13)

Upon substitution for I from eqgn. (3.12) and observing

M=1x x, egn. (3.13) becomes

d%y 12 x
E =-—-—z- E e (3.14)
ax? (b-a) 3
[a + ====——- x]
h
The kinematic B.Cs are
dy
Where x = 1, -——= =0
dx

Using the B.Cs and integrating eqn. (3.14) leads to

Y =0 = —memmm——g {2 1n b/a + (a/b - 1) = =—=w==—g————m )

(3.15)

It is wvalid when 0 < a < b. Egn. (3.15) gives the



contribution due to flexure when unit load acts at the top of

the beam.

1 ]
The flexibility influence coefficient S =+ (3.16)

The spring factor k = 14¥ (3.17)
3.4.2 Mass of the Dam

Average width a = --—---

Mass = mmemmmmmmm e
g
where
H - ht of dam \
. 'v‘;.‘.,\\ 3 e
density of concrete 24{§N/m
g - acceleration due to gravity

The mass of the dam m is known,

The natural frequency p of SDOF is given by

P2 = k/m

|

1/md" (3.18)

il

The natural period T 2 IT/p (3.19)

The procedure described above will be exemplified using

a numerical example. See Appendix (1).



5 MODELLING THE DAM INTO TWO DEGREE OF FREEDOM SYSTEM

A better accuracy for the frequency may be obtained if
e structure. is treated as a discrete system with many
grees of freedom. However, modelling the complex structure
1to two or more degrees of freedom has a concomitant
 sadvantage, ie., it becomes more and more difficult to
>termine the stiffness influence coefficients as well as the
~equencies associated with various degrees of fireedom. This
5 especially true in the case of a determinate structure
ich as the dam. Further, for more than 3 D.O.F. use of a
omputer is inevitable for finding the fundamentel frequency
f the system dynamic matrix is formulated in terms of
tiffness matrix. On the other hand if flexibility influence
refficients are available, the well known Rayleigh and

todola methods can be used manually. In the case of n
.0.F. system, -—-~=——--- flexibility influence coefficients

re required. Two disadvantages are inherent in those two
ethods. First, the labour involved is more. _ Second, the
etermination of ofidiagonal elements of the flexibility
atrix is more cumbérsome than the direct flexibility

nfluence coefficients.

A method which dispenses with the above disadvantage is

he one proposed by Dunkerley. The classic Dunkerley's



equation is of the form 1/p2 = 25 m. afii {3.20)

m, mass associated with ith degree of freedom

orii principal flexibility influence coefficients
P fundamental frequency

3.5.1 APPLICATION OF DUNKERLEY'S EQUATION TO A DAM

To find the fundamental frequency using egn. (3.20),

the dam shown in Fig. 3.5 is discretised into two parts of

equal height.

The mass of potion ABCD is assumed to be concentrated
at mid height at Station (1) and the mass of the portion of

CDEF is lumped at mid height at Station (2).

For these two segments, the flexibility influence
coefficients Gfil and 6/22 are found as done in the case of
S.D.0.F. system using egn. (3.10) and (3.15). Then using
(3.20) the Dunkerley frequency is found, from which the

natural period is determined using eqn. (3.19).

This is examplified using a numerical example. See

Appendix 2.
3.5.2 CORRECTION FOR DUNKERLEY FREQUENCY

For a stable system in which the frequencies are real

and distinct, the Dunkerley frequency gives lower bound
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is an involved one entailing considerable amountc of time and
effort. Because of this fact, the FEM is beyond the reach of

many designers. It is also a fact that at times, the

~ o

strength of materials solution happens to be more e&ccurate

ol
/

than the FEM answer.

On the otherhand, the mechanics approach is less
tedious which can be comprehended and performed easily by a
nonspecialist. The [m] and [k] matrices can be easily set up

with less effort and time by making judicious assumptions.

IS : 1893 - 1984 does not indicate the type of dynamic
analysis to be performed for final design of dams. That is,
it does not promulgate explicitly as to how to formulate the
stiffness matrix, [k]. In view of these ramifications, the
analyst 1is at liberty to choose any method for arriving at

the stiffness matrix.

3.9 EVOLUTION OF THE PROPOSED THEORY FOR OBTAINING THE MASS

MATRIX [m] AND STIFFNESS MATRIX [k]

A typical c¢/s of the dams shown in Fig. 3.6. The
profile of the dam is irregular which is not amenable for
mathematical treatment. Hence to arrive at a closed form
solution, the irregular geometry is simplified as a trapezium

as shown in Fig. 3.1.



The tapering section is considerably deep at the bottom
and very slender at the top. Because of this fact Dbending
deformation increases gradually, from the bottom towards the
top. It is assumed that both shearing and flexural
deformations are present in any section. Secondly, it is
supposed that the dam is firmly fixed at the bottom enabling
the structure to behave as a vertical cantilever. Since the
cantilever is a determinate structure, finding the
flexibility influence coefficients will be much easier than

the stiffness influence coefficients.
3.9.1 Formulation of the Flexibility Matrix (7]

Since the dam is considered as a linear structure,
total deformation at any section may be obtained by

superposing the shearing and bending deflection. This means

[ = [0.1+ ] (3.22)
where

[ ] - translational flexibility matrix

[aff] - flexibility matrix due to bending deformation

[ars] - flexibility matrix due to shearing effect

In Fig. 3.7 a until load is applied at the top. Using
mechanics theory, the shearing deflection C/S, the flexural

deflection a’f and the rotation due to flexure ®. can be



found. Since the derivation is very involved, only the

results are reported below.

1.2 h
o = ——-—-- =-- 1n [b/al (3.23)
s G (b-a)
6 n’ (2b~a) (b-a)
o’f = -------3 {21n [b/a] + la/b = 1] = ====-=5--=-= } (3.24)
E (b-a) b
2
12 -h (2b-a) 1
® = emm———c {(m=m5=m - ———- } (3.25)
£ E(b-a)®  2b° 2a
where
a - width of the dam corresponding to station i
b ~ Dbottom width
h - height of station i from bottom
G - shear modulus
E - Young's modulus

The above equations are valid for 0 < a < b.
Egn.(3.23) enables the formulation of flexibility matrix due
to shearing effect. Eqn. (3.24) and Eqn. (3.25) facilitate
the formulation of flexibility matrix due to flexural effect.
Superposition of these matrices results in the flexibility

matrix due to combined effect.
3.9.2 Formulation of Mass Matrix [m]

The mass acts along the various D.O.F. The matrix will

be a lumped matrix having non-zero diagonal elements.

33



Formulation of the flexibility matrix [07] and the mass

matrix [m] are illustrated in Appendix II.

3.10 PROGRAMME OF STUDY

In +this study, in all twenty dams of varying heights
were investigated as described in the illustrative example.

Convergence occured when the dam was discretized into seven

segments. For all the dams eigen pairs were found using
Jacobi's program. Using the same, modal analysis was
performed for 5% damping exactly along similar lines

described in [7]. For performing modal analysis first three

modes were considered.

3.11 PROPOSED METHOD

The modal analysis described in the codes is a
semiautomated procedure in which the first step is to obtain
the eigen pairs. Without the use of a computer, it is not
possible to reckon the eigen pairs. With the knowladge of
eigen pairs, modal analysis can be performed manually very
easily. Therefore a simple method is proposed to get the

eigen pairs as accurately as possible.

From the detailed study of freguencies and mode shapes

of twenty dams, the following expressions for the periods of



first three modes and the corresponding eigen vectors are

obtained.

3.11.1 Period of the Dam

158.11 D

i) Fundamental period, Tl = —————— [-—- + $3‘815] (3.26)
E 420
where Tl - first mode period in seconds
Ec - Young's modulus of concrete in MPa
D - Total height of the dam in metres
p - Top to bottom width ratio
ii) Period of second mode, T2 = 0.414 T (3.27)
iii) Period of third mode, T, = 0.238 Ty {3.28)
Basis of the Empirical Equation No. 3.26
The equation was arrived based on the following
assumptions.
T. = C, D+ B~ (3.29)
1 1 b :

where Cl and x are constants.

Using the results obtained from the computer study, the
constants Cl and x were evaluated by trial and errcr. Then
the Egn. (3.29) was modified as shown in XEgn. (3.26) to

account for the variation in the Young's modulus of the

material.



3.11.2 Eigen Vectors of the Vvarious Modes

The three mode shapes along with the details are shown

in Fig. 3.8.
i) Fundamental Mode :

The expression for the amptitude at any station i 1is

given as

1.6
X
a = [---] (3.30)
H
where a - amplitude of station i
x - height of station i from bottom
H - height of top most station from bottom

ii) Second Mode :

For portion AB shown in Fig. 3.8.

TT x
a = 0.4 sin -————- for 0 < x < z (3.31)
z

where z = 0.782 H

For portion BC

-(y-2z)
a = =—=———==- (3.32)

(H-2)

where y - station distance measured from bottom



iii) Third Mode :

For portion AB shown in Fig. 3.8.

.

a = 0.4 8in =—-=-———-- (3.33)

where 2z

0.955 H

For portion BC shown in Fig. 3.8.

a = --——=-- (3.34)

where y

height of station situated in portion

BC, measured from bottom

Using the above expressions, the natural periods and
the corresponding modal amplitudes (See Fig. 3.9) may be

obtained for the first three modes by suitably discretizing

the dam.

Prediction of Egn. (3.26), Egn. (3.27) and Egn. (3.28)
are shown in Table 3.2 along with the computer solution for
the twenty dams analysed. The eigen vectors obtained from
Egn. (3.30), Egn. (3.31), Eqn. (3.32), Egn. (3.33) and Egn.
(3.34) are shown along with computer solution for the 310 m

height dam in Table 3.3. The dam was discretized into seven

divisions.



3.11.3 Comparison of Computer Solution With the Suggested

Hand Computation Procedure

Using the computer results and hand computation
solution for the eigen pairs, the dynamic analysis was

(71

performed along similar lines described in Thea results
obtained for shear are compared for the 310 m height dam in

Table 3.4.
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Table 3.4 Comparison of shear values for 310 m height

gravity dam

Station By Computer Solution By Proposed _equation
No. Shear KN Shear(%N
1 6967 7140
2 14002 14402
3 20991 21734
4 27937 29912
5 34625 36510
6 40746 44247
7 43401 46527
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CHAPTER 4

EARTH DAM

4.1 GENERAL~™

The ever present need for designing safe structures and
the prevention of possible catastrophics has focussed much

attention on the performance of earthdams in earthquake

motion. Many dams damaged by earthquakes proved their safety ' '

against static forces but the damage resulted by

superimposition of dynamic forces.

A rigid structure will follow the oscillations of 1its
base as there can be no relative deformation from base to
top. For a flexible structure the oscillations to which its
base 1is subjected serve to set the structure vibrating.
Farthdam is considered as a flexible structure for

determining the dynamic response.

Earthdam vibrates when subjected to ground motion
during an earthquake requiring thereby a dynamic analysis of

the structure for its design.

Currently the period 1is computed based on the
assumption that the mass density and shear modulus are
constant through out the dam. But actually it varies along

the height of the dam due to compaction and self weight.




Here a linear variation of shear modulus and density 1is

assumed and dynamic analysis is carried out.

4.2 PROPOSED METHOD

4.2.1 Formulation of Flexibility Matrix

Following assumptions are made in the formulation of

flexibility matrix.

1. There existsza perfect fixity between the foundation
and the superstructure of the dam.

2. The earthdam behaves as an elastic system

3. The second order effect caused by the axial shortening
due to the self weight is negligible.

4. The vibration mode shape is similar to that of a deep

cantilever beam.

For earth dams shear deformation is more predominant
than flexural deformation. By neglecting the bending
deformation the flexibility influence coefficients can be
computed. In the case of earth dam both the profile of the
dams and properties of the materials varies along the height
(see Fig. 4.1). The very same expression for the flexibility
matrix due to shear for the gravity dam can be used to find

the flexibility matrix for earthdam.



o = @ —--——-—-- 1n b/a (4.1)

S

where G

varies along the height of the dam

-

4.2.2 Computation of Mass Matrix

Only difference in calculating the lumped mass
associated with each translational degree of freedom from the

previous chapter is due to the variation in the density along

the height.

4.3 PROGRAMME OF STUDY

In this study, in all ten dams of wvarying ‘were
investigated. Convergence occured when the dam was
discretized into thirteen segments. For all the dams eigen

pairs were found using Jacobi's program. Using the same,
modal analysis was performed for 10% damping exactly given

in[7]. For performing modal analysis first three modes were

considered.
4.4 PROPOSED METHOD

The modal analysis described in the code is a
semiautomated procedure in which the first step is to obtain
the eigen pairs. Without the use of a computer, it 1is not
possible to reckon the eigen pairs. With the knowledge of

eigen pairs, modal analysis can be performed manually very



easily. Therefore a simple method is proposed to get the

eigen pairs as accurately as possible.

4.4.1 Period of the Dam

i) fundamental period, Tl = [=—===—- - b l'605] (4.2)
57.25

ii) period of second mode, T2 = 0.475 Tl (4.3)

iii) period of third mode, T3 = 0.31 Tl (4.4)

4.4.2 Eigen Vectors of the Various Modes

i) Fundamental Mode

The expression for the amplitude at any station 1 1is

given as 0.95

a = (---) (4.5)
H

ii) Second Mode

For portion AB shown in Fig. 3.8.

TT x
a = 0.5 8in ==—---- for 0 < x < z (4.6)
z
where z = 0.65 H
For portion BC
-(y-2)

a = ———=——-- (4.7)



i) . Third Mode

For portion AB shown in Fig. 3.8.

-

2 IT x
a = 0.2 8in -—-—~=———- (4.8)
z
where z = 0.802 H
For portion BC
(y-2z)
a = =-~——---- (4.9)
(H-z)

Using the above expressions, the natural periods and
orresponding modal amplitudes (See Fig. 4.2) may be obtained

‘or the first three modes by suitably discretizing the dam.
1.5 CODE PROCEDURE

1. Determine the fundamental period of the structure from

the formula

T = 2.9 Ht 'nyG (4.10)

T - fundamental period of the earth dam in sec.
H., - height of the dam above toe of the slopes
- mass density of shell material

- Modulus of rigidity of shell material

2. Determine Sa/g for this period T and 10% damping from

average acceleration spectrum curves given in Fig. 2.1.



3. Compute the design seismic coefficient Ay using the

equation h - ﬁI F Sa/g (4.11)

--

4. The base shear VB and base moment MB may be obtained by

the following formula

Vg = 0.6 W ’ch (4.12)

M, = 0.9 Wh &K, (4.13)
where W - +total weight of the dam

h - height of the centre of gravity of the

dam above the base in metres.
1.6 Results and Discussions

The results obtained for the period from computer
solution, proposed equation and the code procedure are

~ompared in Table 4.1, 4.2 and 4.3.

The modal analysis is done by taking the first three
nodes only but the contribution to shear and bending moment
due to second and third mode is more. The reason is at low

period the value of Sa/g is almost same.



ﬁ €500 vS0°0 (80°0 £€80°0 | VA ] FLT"0 LT 0 ¥ T 01
80T 0 80T"0 G91°0 S91°0 Lyeo 8¥E£°0 ¢reE’ 0 Z8 4 0¢c
Z91°¢ 29170 8¥Z°0 8v¥Z°0 €250 A4 v1s°0 £CT € 0¢€
91270 91¢° 0 TTe 0 T1e"0 969°0 969°0 S89°0 791 14 0y
0LZ70 0LZ"0 £ETv-0 PIv -0 0L8°0 698°0 9680 S0¢ S QS
vZze-o rzeto 96¥°0 96¥%°0 SPO0° T EP0°T L20°1 9y 9 09
6LE°0 6LE£°0 08S8°0 6L5°0 0Zz-°1 LTZ°T B6T" 1 L82 L 0L
4% A1) CEV "0 £€99°0 ¢99°0 S6e°T T6€°1 0Le" T 8CE 8 08
98%°0 987" 0 SvLtQ AZARY 69G6°1 G96° 1 I6S° 1 69¢ 6 06
IR A] 6€G°0 8¢8°0 LZ8°0 AZ7) oL 1 cIL 1 0T¥ 01 00T

. uotjenbqg () (w)
uotjenby uoT3jntosg uotrjenby uor3intos uorjenbg uot3intosg 2poD 0939 UIpTMm Uy3pIM (un)
mmwoaoum Is3ndwo) pssodoig zaindwo) pasodoag uwmeEou AHBV poTiad wo3ljog mo& aybroy
*03s AmBV potIad *293s ANBV poTIad *oos AHBV potaad
WYd HLAYI d0d NOILATOS YALAIWOD ANV JOHLAW adS0do¥d Xd dOI¥3d 40 NOSIYYdWOD T°¥% S1qel




29070 8600 960°0 7700 L%0°0 000 #81°6CHE S ¢l el
Z91°0 04170 %420 6£1°0 €ero 960°0 ?10°9%68 % (A A
00Z°0 8¥¢ 0 170 0€2°0 L1270 2410 66L°91SY ¥ 11 11
Z91°0 9620 88%°0 90€"0 86C°0 GGZ'0 6€S TRI0Y 01 0t
€90°0 TL1°0 €6v°0 8ve 0 6££°0 9%¢"0 €62 6185 € 6 6
090°0- G900 YA ove"0 8¢%°0 %70 7C6°06STE 8 8
191°0- 602°0- %62°0 897°0 LE£S°0 hst0 G96°GEEL T L L
00C°0- L€°0- 0¢1°0 YARY 1970 £%9°0 €91 %L1 g 9 9
€91°0- 96€ "0~ 980°0- %8070~ €69°0 7470 91£°99061 9 S
G90°0- 602°0- VAR e 0- 14470 1€8°0 €92 C106T Y Y
6170 LL1°0 €96 0- ¢19°0- 068°0 L0670 G¢L 11011 € €
965°0 €79°0 1LL°0- 8¥8°0- %76°0 9960 791°590L A 4
000° T ooo.ﬁ” 000°1- 000°1- 000°1 000°T 69L°TLIE T 1

o | s | ernd | Sohak | poiosd | BRERS  w |
ut WSTOM 19qunN{ON ‘TS

adeys ©pOW PIATUL adeys 9pON pPuoI3g adeys SpOW 1ISITL uotIEIs

mQ



Table 4.3 Comparison of Shear Values for 100 m Height

for Earth Dam

tation By Computer Solution By Proposed equation
No. Shear KN Shear KN
1 9911.37 1047.75
2 2439.39 2636.61
3 3859.82 4043.41
4 4898.08 5084.28
5 5922.51 5907.89
6 7238.70 6662.20
7 8573.50 7611.93
8 9496.66 8939.55
9 10546.40 10840.64
10 11923.71 13416.88
11 13561.72 16359.39
12 14921.11 18841.72
13 15447.25 19869.22
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CHAPTER 5

COOLING TOWER

.1 GENERAL

Even in the most advanced fossil fuel thermal (nuclear)

L

oower plants, only about 42 (gél%yof the generated heat 1is

** S—

~onverted into electric énergy. fhe remaining “58 (65)% is
jischarged into the environment through the smokeétack, the
rhermal unit and the cooling water circuit. Cooling towers
vave proven to be indispensable tools for minimizing the
thermal pollution of rivers, lakes and sea shores by the
waste heat of electric power plants, being able to reconcile
aspects of environmental protection, initial and operating
costs and reliability of power generation. It serves the
purpose of cooling the water in thermal and nuclear power
stations. They are classified according to the means by
which air is supplied, such as mechanical draught and natural
draught towers. In mechanical draught tower air 1is sucked
into the tower by fans provided at top or bottom. If the air
is sucked by the fan at top through louvers at bottom it 1is
called ah induced draught. When the air is forced in by a
fan at the bottom and discharges through the top, it is known
as forced draught. The tower must be tall for sufficient
bouyancy and must have a large cross section because of the

low rate at which air is circulated. Hyperbolic tower is the



best example in this category in which the outside hyperbolic
shell create a draught of air in similar way to a chimney.
The divergent portion at the top helps the air to escape into

the atmosphere.

5.2 HISTORIC DEVELOPMENT OF NATURAL'DRAUGHT COOLING TOWERS

The well known hyperbolic shape of cooling tower was
introduced by two Dutch engineers van Iterson and Kuyper, who

in 1914 constructed the first hyperboloidal tower of 355 m

height. . Soon capacities and tower heights increased «nd
around 1930 tower heights of 65 m had been reachead. The
first such buildings to reach higher than 100 m were the
towers of the High Maruham Power Station in Britain. The

highest German cooling towers, located at the Gundremmingen
nuclear power plant, are 165 m high. Still hicgher towers have
been designed, but it is doubtful if they will actually be
constructed in the forseable future. Fig. 5.1 shows the
highest German cooling tower and Fig. 5.2 shows the historic

development of natural draught cooling towers.

Towers are distinctive structures in view of the
hyperbolic shape and large size combined with very small
shell thickness, appreciably less in proportion than that of
an egg shell. Owing to considerable height and comparatively

less total weight, the tower is highly sensitive to the



effect of lateral loads such as wind and earthquake motion.
While the lowest natural frequencies of natural draught
cooling towers 1lie very close to the peak of the energy
spectrum for seismic effects, but far away from that of wind,
the responses due to both loadings and their design methods
differ considerably, where as a quasi-static analysis may be
sufficient for the response to wind loading, the analyvsis of

seismic effects requires a complete dynamic analysis.
5.3 RESEARCH SIGNIFICANCE

In the first part of this work a simplified procedure
is adopted for finding the fundamental period and 1in the
second part dynamic analysis is done for the cooling tower.
Using the results obtained by computer solution a simple
method is proposed to get the eigen pairs as accurately as

possible.
5.4 SALIENT FEATURES OF THE TOWER

The tower consists essentially of an outside hyperbolic
shell, and‘internal cooling fill at the bottom of the shell,
a cold water basin into the cold water falls from the fill
and is stored for recirulation through the plant, and a water
distribution system. Fig 5.3 shows the section of cooling

tower. The shell diameter at the base, throat and top, shell



ight, air inlet height etc are based on tharmic design

nsiderations.

The profile of the tower before 1970 was based on a
ngle hyperbola without any offset from the tow=r axis. The

juation of hyperbola is

x2/a% - 2%2/m% = 1 (5.1)

where x and z are measured from the origin situated at

he throat as shown in Fig. 5.4 and a and b are constants.

Now the meridian is shaped by offset at throat which

nfluence the stress distribution in the shell, buckling load

nd natural frequency. Then the equation becomes
X = I + a \/l + 22/b2 (5.2)
where T _ is the offset distance. With the limited

nformation available in this respect, here the equation of
‘he hyperbola without the offset distance (Egn. 5.1) 1is

ydopted.

In general the ratio of the throad height (ht) to the
-otal height (H) in Fig. 5.4 varies from 0.7 to 0.85 and the
ratio of the total height (H) to the bottom diameter (D)
varies from 1.15 to 1.5. The minimum thickness at throat
level is 175 mm. It is assumed that the thickness varies

linearly from throat to bottom and top .of the tower

Fall »y



5.5 MODELLING THE COOLING TOWER INTO S.D.O.F SYSTEM

The cooling tower modelled as S.D.O.F system, is a

crude approximation. The assumptions made are

a. There exist a perfect fixity between the foundation and
the superstructure of the tower.

b. The tower behaves as an elastic system.

c. The second order effect caused by axial shortening due
to the self weight of the tower is negligible.

d. The vibration characteristic of the tower is similar to
that of a deep cantilever beam having flexural and
shearing deformations.

e. The effect of circumferential bending is nagligible.
5.5.1 Determination of Spring Factor

The lateral dimension is such that the total deflection
of the cooling tower consists of shearing and bending

deflection.

The profile of the cooling tower is very complex.
Though the curve in elevation is a hyperbola, the diameters
at top and throat do not differ appreciably where as the
diameter at Dbottom is about 1.6 times that at throat. To
simplify the problem, tower is considered as a circular ring

section as shown in Fig. 5.5.



The cross section area of the cooling tower

A = TII Dt (5.3)
where D - mean diameter
t - thickness of the cooling tower

The moment of inertia about x-axis and y-axis

Io= 1 = il (5.4)

5.5.1.1 Shearing Deflection Component

The cooling tower as a tapering cantilever shown in

Fig. 5.5 with unit load acting at the tcp. As fhee
deformation is purely shear the deflection[zo]
f h
a/s = =B .. (5.5)
G A
fs - form factor is equal to 2 for annular section
G - Shearing modulus of concrete
A - Area of annular section
h - Height from the bottom

Integration between the limits 0 and H and substituting for A



where

5.5.1.2

For

__________ log (—————) (5.6)

Top mean diameter

~ Bottom mean diameter

- Mean thickness

- Mean diameter at any section

- height measured from the bottom
Bending Deflection Component

finding the deflection due to bending the well

known strain energy expression is used.

i.e. The deflection at any section xx

where

o = = (5.8)

XX

- B.M at any section due to external load
- B.M at any section due to unit load
- Moment of inertia of the section

- Modulus of elasticity

Substituting the values for M, m, E and I and integrating

between the limits 0 and H we get



X7 dx
c/%x = it (5.8)
IT t D
E ________
- 8
Mean diameter at any section x-X
D-a
D = (--=-) x + a
x H

On integration and simplification we get an expression

for deflection due to bending

y 8 H
= mm—mm—e—e————g [log (D/a) + 2a (1/ - 1/)
b E TT t (D-a)> b a
a2
- I (1/m® - 1787 (5.9)
2
The flexibility influence coefficient
g = I F 7y (5.10)
The spring factor k = léf (5.11)

5.5.2 Computation of Mass Matrix

The lumped mass associated with each translational
degree of freedom is obtained on pro rata basis. The mass at

each station is

M = s (5.12)



where

R - internal radius of the shell

£ - +the thickness of the shell

h - the height of one discretised unit
F - mass density of concrete

5.6 NATURAL PERIOD

The natural frequency p of SDOF is given by
5 k

p2 = --- (5.13)
m

The natural period T = -~—==777 (5.14)

The period of the tower is influenced by the height of
the tower, diameter at various levels, shell thickness etc.

The results are given in Table 5.1.

This 4is a simplified method for finding the period of

cooling tower in design office for preliminary design.
5.7 DETAILED ANALYSIS

Dynamic analysis include the formulation of mass matrix
[m] and stiffness matrix [k]. Once these matrices are
formulated there are many mathematical eigen value theories

for obtaining the eigen pairs wusing a computer. Here

70



Jaccbi's program was used in the extraction of eigen pairs.

Then modal analysis was performed along similar lines

described[6].-

Using the results obtained from the computer a simple

method 1is proposed to get the eigen pairs as accurately as

possible.
5.7.1 Formulation of the Mass Matrix [m]

The mass acts along the various D.O.F. The mass will

be a lumped matrix having non-zero diagonal elements.
5.7.2 Formulation of the Flexibility Matrix (o]

Since the tower is considered as a linear structure,

total deformation at any section may be obtained by
superposing the shearing and bending deflection. This means
[ ] = [ 1+ 1 ] (5.15)

In Fig. 5.6 unit load is applied at the top. Using

mechanics theory, the shearing deflection cfs, the Dbending

deflection afb and the rotation due to flexure &, can be

found. The results are

o/ ZE e ——— log (-———=~ ) {5.16)



8 H
O, = -—=m==—=--=—==2- [log (D/a) + 2a(l/D - 1/a)
E IT t (D-a)
2
a 2 2
~ ———— (1/D° - 1/a%)] (5.17)
2
8 HZ , ,
©, = -=c=m-==-———3- [ -(1/D - 1/a) + a/2 (1/D° - 1/a%)]
E ITI t (D-a)
(5.18)

The above equations are valid for 0 < a < D
5.8 PROGRAMME OF STUDY

In this study, in all nineteen towers of varying
heights were investigated. Convergence occured when the
cooling tower was discretised into seven segments. For all
the towers eigen pairs were found. Using the same, modal
analysis was performed for 5% damping exactly the same
procedure described in[6]. For performing modal analysis

. ST .
first three model;were considered.
/”f

5.9 PROPOSED METHOD

The modal analysis described in the code is a semi
automated procedure in which the first step is to obtain the
eigen pairs. After getting the eigen pairs, modal analysis
can be performed manually very easily. Therefore a simple
method is proposed to get the eigen pairs as accurately as

possible.



Fro. the detailed study of frequencies and mode shapes
of nineteen cooling towers, the following formulae for the
periods of first three modes and the corresponding eigen

vectors are obtained.
5.9.1 Period of the Dam

i) Fundamental period, T = - [-==—= - b8°8]

ii) Period of second mode, T

H
o
w
1=N
N
-3
Ui
)
o

2 ) 1
iii) Period of third mode, T

it
o
'...I
Yo
3
(92}
)
=

3 : 1

5.9.2 Eigen Vectors of Various Modes

The three mode shapes are shown in Fig. 3.8

i) Fundamental Mode

The expression for the amplitude at any station 1

is given as

a = (---) (5.22)

ii) Second Mode

For portion AB shown in Fig. 3.8



where z = 0.75 H

For portion BC

a = = mmmmmo (5.24)

11) Third Mode

For portion AB shown in Fig. 3.8

2 IT x
a = 0.9 Sin —————- for 0 < x < z (5.25)
z
where z = 0.9 H
For portion BC
(y-2z)
a = m—————— (5.26)
(H-2z)

Using the above expressions, the natural periods and
he corresponding modal amplitudes (See Fig. 5.6) may be
btained for the first three modes by suitably discretizing

he dam.
.10 RESULTS AND DISCUSSIONS

Using the proposed equations for period and modal
mplitudes dynamic analysis was performed and compared with
igen pairs obtained by computer solution are given in

able 5.2, 5.3 and 5.4.



le 5.1

Prediction of

eriod of Cooling Tower By SDOF Model

hit Bottom Top Thickness Period in
) Diameter Diamerter (m) (see)
(w) (average)
(m)

! 174.783 105,494 0.7033 0.538
] 166.087 160,245 0.6867 0.507
| 157.391 94.997 0.6700 0.470
1 148.696 89.748 0.6533 0.445
1 140.000 84.499 0.63067 U4l
1 131.304 79.251 0.6200 0.385
1 122.609 74.003 0.6033 0.35G
1 113.913 68.754 0.5867 0.327
1 105.217 63.500 0.5700 ).29%
1 96.522 58.257 0.5533 J.z271
1 87.826 53.009 0.5367 Vo244
1 79.130 47.760 0.5200 0.217
1 70.435 42.511 0.5033 0.191
1 61.739 37.263 0.4867 0.166
1 53.043 32.016 0.4700 0.141
1 44,348 26.769 0.4533 D.116
1 35.652 21.519° 0.4383 1.092
1 26.957 16.269 0.4250 0.069
1 18.261 7.277 0.4117 3,045




Table 5.2 COMPARISON OF PERIOD BY PROPOSED METHOD AND COMPUTER
SOLUTION OF COOLING TOWER

Period (fl) sec. Period (T2) sec. Period (TB) sec.
Height

(m) Computer Proposed Computer Proposed Computer Proposed

Solution Equation Solution Equation Solution Equation
201 0.529 0.526 0.181 0.180 0.101 0.099
191 0.499 0.499 0.170 0.171 0.095 0.095
181 0.469 0.446 0.160 0.162 0.089 0.090
171 0.440 0.419 0.150 0.152 0.083 0.085
161 0.411 0.392 0.140 0.143 0.077 0.079
151 0.383 0.392 0.130 0.134 0.072 0.075
141 0.355 0.365 0.120 0.125 0.066 0.069
131 0.327 0.339 0.110 0.116 0.061 0.064
121 0.300 0.312 0.101 0.107 0.055 0.059
111 0.273 0.285 0.091 0.098 0.050 0.054
101 0.246 0.258 0.082 0.088 0.045 0.049
91 0.220 0.232 0.073 0.079 0.040 0.044
81 0.194 0.205 0.064 0.070 0.035 0.039
71 0.169 0.178 0.056 0.061 0.030 0.034
61 0.144 0.151 0.047 0.052 0.026 0.029
51 0.119 0.125 0.039 0.043 0.020 0.024
41 0.095 0.098 0.031 0.033 0.017 0.019
31 0.071 0.071 0.023 0.024 0.012 0.014
21 0.045 0.056 0.016 0.019 0.008 0.011
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Table 5.4

Comparison of Shear Values for 201 m Height

Cooling Tower

tation By Computer Solution By Proposed equation
No. Shear KN Shear KN

1 18110.95 18543.60

2 32313.34 32435.60

3 43367.54 43359.21

4 52611.70 52330.72

5 60286.81 59779.36

6 66237.38 65804.94

7 68685.06 68355.01
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Fig. 5.1 Cooling Tower Herne 1V, Germany
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Fig. 5.2 Historic development of Natural Draught

Cooling Towers
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CHAPTER 6

VIERENDEEL GIRDER

6.1 GENERAL

In 1896, a Belgian engineer, Professor Arthur
Vierendeel, suggested a method of constructing an 'open' web
girder with rigid joints, comprised of a top and a bottom
chord with vertical members only between the booms. This

type of girder is known as a Vierendeel Girder.

Unlike a truss with diagonal members which are
generally designed for direct stresses only, the Vierendeel
Girder members are subjected to bending, axial and shear
stresses. Many uses can be made of this type of rigid frame,
especially for bridges, as in Belgium, though in Great
Britain Vierendeel Girders are commonly seen in church,
school and industrial structures where clerestorey lighting

is required and the absence of diagonal frame members is

desirable.

Typical forms of Vierendeel Girders[3] are shown in

Fig. 6.1.
6.2 RESEARCH SIGNIFICANCE

The Vierendeel Girder is a statically indsterminate

structure. Here an approximate method of analysis i{s done to



“ind the fundamental frequency and compared with the results
obtained from the computer solution. An equation is proposed

0 find the fundamental frequency of the Vierendeel Girder.

All stable structures may be classified as determinate
r indeterminate. This traditional terminology s
1nfortunate because it may imply that the latter category of
3truéture cannot be analyzed. 1In fact, it means only that
ndeterminate structures require more than the equations of
2quilibrium for their analysis. Other conditions, such as

strain compatability are required.

Statically indeterminate structures are those
structures which cannot be analysed with the help of
2quations of static equilibrium alone. These structures are
11so known as hyperstatic structures. For the analysis of
-hese structures it becomes necessary to consider the
leformation of the structure because the equations of statics
i1lone are not sufficient for the solution of the problem. 1In
he case of statically indeterminate structures, the nurber
>f unknowns is greater than the number of independent
quations derived from the conditions of static equilibrium.
\dditional equations, based on the compatability of
leformations must be written inorder to obtain a sufficient
lumber of equations for the determination of unknowns. The

lumber of these additional equations necessary for the



solution of the problem, is known as the degree of static

indeterminancy or degree of redundancy of the structure.

For Vierendeel Girders the statical indeterminancy
include external and internal indeterminancy. The external
indeterminancy is reckoned just like beams using the three
conditions of equilibrium, v =20, M = 0 and H= 0.

The internal indeterminancy is determined using the axium 3%

number of closed loops. Therefore the total statical
indeterminancy is the sum of external and internal
indeterminancy.

6.3 APPROXIMATE METHOD OF ANALYSIS

The Vierendeel Girder shown in Fig. 6.2 is a statically
indeterminate structure. The structure is externally
determinate and the internal indeterminancy is 9. To make
this a determinate one, internal hinges are provided at the
‘mid point of all the members. Thus an additional equation,
moment of all the forces around that hinge must be zero can
be applied in addition to the three overall equations of

equilibrium.
6.3.1 Computation of Deflectian

Unit load is applied at the point and the reactions are

determined. To satisfy the equilibrium condition at each



joint +the whole girder is analysed. Then the principal

diagonal elements of the flexibility matrix is obtained by
M m dx
the strain energy equation = J|j-—-—-———-- . By adding the

deflection of all the members we get the total deflection

when the unit load is applied at that station.
6.3.2 Calculation of Weight

By assuming suitable member dimension, span, spacing,
slab thickness, live load and snow load, the total load per

translational D.O.F. can be determined.

The steps for the determination of deflection and

weight is exemplified Dby an illustrative example. See

Appendix III.
6.3.3 Computation of Fundamental Frequency

Knowing the deflection and the mass the fundamental

frequency is obtained using Dunkerley's equation.

This equation gives a lower bound solution to the
fundamental frequency. The main concept in this method is
that, for a stable system the frequencies corresponding to
each degree of freedomjare real, distinct and well apart

spaced from each otherp, The significant advantage of



Dunkerley's equation is it requires only the principal
flexibility element. The classical Dunkerley's equation 1is

of the form

1/p° = Z o, S, (6.1)

ii

The frequency obtained by Dunkerley's equation is
increased by a factor 1.14, since it gives only lower bound

solution.

Based on the results obtained by the approximate method
of analysis, a graph is plotted with number of bays along the
x-axis and frequency along the y-axis (See Fig. 6.3). An

equation is proposed to find the fundamental frequency of

vierendeel girder.

14.48
S V7 (6-2)
b
where P - fundamental frequency
n, - number of bays

Knowing the fundamental frequency, Period T is oobotained

by the relation

T = ——e—— (6.3)



6.4 DESCRIPTION OF COMPUTER PROGRAM

The program 'subspace iteration'[z] was used for
finding the fundamental frequency. Structure stiffness and

mass matrix is obtained by using the available progran.

The data to be fed to the computer are number of nodes,
degrees of freedom at each node, co-ordinates at each node,
number of elements, dimensions of beam and column elements.
Obtain the element stiffness matrix first then assembled to
get the banded structural stiffness matrix. Mass matrix is
calculated on pro rata basis. Using these stiffness matrix
and mass matrix the smailest eigen values and corresponding
eigen vectors in the generalized eigen problem are solved by
the s

ubspace iteration method. The lowest eigen value gives

the fundamental frequency and hence the fundamental period.

6.5 RESULTS AND DISCUSSIONS

The results obtained using the proposed equation and
the computer solution is given in the Table 6.1. The
fundamental mode shape is shown in Fig. 6.4. The period
obtained wusing the computer solution is more, th2 reason 1is

the axial deformation is also included.

88



Table 6.1 Comparison of Periods Obtained by Approximate

Method, Proposed Equation and Computer Solution

No. of Period from Period from Computer Solution

bays approximate proposed
method equation

2 0.160 0.168 0.321

3 0.288 0.277 0.345

4 0.416 0.394 0.499

5 0.497 0.520 0.658

6 0.675 0.652 0.820

7 0.750 0.736 0.984

8 0.935 0.930 1.151

9 1.195 1.288 1.320

10 1.639 1.538 1.492







Fig. 6.1 Typical Forms of Vierendeel Girders
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Fig. 6.2 vikrendeel Girder with 3 - Bays
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CHAPTER 7

CONCLUSION AND SCOPE OF FURTHER STUDIES

7.1 CONCLUSION

Modal analysis of special structures like gravity dam,
earthdam, cooling tower were studied and the following

conclusions are made.

Natural period of vibration is a logical index used to
obtain the base shear and base moment during preliminary
design. In this thesis two approximate mathematical models
are put forward for reckoning the natural period of gravity
dam. The concepts involved in the two models are exceedingly

simple and amply attest the accuracy of code eguation.

The primary factor involved in the dynamic analysis 1is
the determination of eigen pairs of the dam. Here a method
is proposed based on the theory of mechanics of materials for
establishing the stiffness matrix. Whatever be the type of
analysis employed to formulate the stiffness matrix, use of a
computer is inevitable for finding the eigen pairs. A simple
hand computation procedure is put forward to estimate the
periods of first three modes and the corresponding eigen
vectors for gravity dam and earth dam. The prediction of the
proposed formulae is in fair agreement with the computer

solution. Eventhough the method is approximate, the nodal



nalysis solution is reasonably good compared with exact

nalysis.

The design of cooling tower requires the fundamental
eriod for earthquake design. Here a method is proposed
ased on the elementary principles of strength of materials
ind structural dynamics. Dynamic analysis is done, _using
hese results a hand computation procedure is proposed for
-he determination of eigen pairs. The results obtained are

.n good agreement with the computer solution.

For Vierendeel Girder an equation is proposed to find
the fundamental frequency. Approximate method of analysis is
ione and based on the results obtained by this method an
cquation is proposed to find its natural period. The results
bbtained by subspace iteration method and Dby proposed

equation are compared.

7.2 SCOPE OF FURTHER STUDIES

For gravity dam and earth dam, dynamic behaviour of dam
- reservoir system can be studied by treating the system as a
coupled one. For cooling tower finite element analysis can
be done and for Vierendeel Girder rigorous dynamic analysis

can be carried out.



REFERENCES

ANAND. S. ARYA, ‘"Earthquake Engineering", Saritha

Prakashan, Meerut, India, 1974.

BATHE, K.J. and EDWARD. L. WILSON, "Numerical Methods
in Finite Element Analysis", Prentice Hall of Iniia

Private Limited, New Delhi, 1987.

British Steel Producters' Conference in Conjunction
with the British Iron and Steel Federation, "Steel
Designers' Manual", The English Language and Book

Society and Crosby Lockwood and Son Ltd.

BUNGALE. S. TARANATH, "Structural Analysis and Design

of Tall Buildings", Mc Graw Hill Book Company, Mew

York, 1988.

CREAGER, W.P., JUSTIN, J.D. and HINDS, J., "Engineering

for Dams", Vol. II, Concrete Dams, Wiley Eastern Pvt.

Ltd., Publishers, 1968, pp. 282.

DOWRICK, D.J., "Earthquake Resistant Design", 2 Manual

for Engineers and Architects, John Wiley and Scons, New

York, 1977.

"Explanatory Handbook on Codes for Earthquake
Engineering", IS 1893 - 1975 and IS 4326 - 1976, Indian

Standards Institution, New Delhi, 1983.

95



GEETHAKUMARI, S., "Natural Period of Vibration of
Special Civil Engineering Structures", M.Tech Thesis,
Dept. of Civil Engineering (Structural Engineering),

University of Calicut, 1992.

-IS 1893 - 1984, "Criteria for Earthquake Resistant

Design of Structures", Bureau of Indian 3tandards,

N

JAI KRISHNA Vgigmg*_lEarthquake Engineering", Sarita

New Delhi.

Prakashan, Meerut, India, 1974.

MANICKA SELVAM, V.K., "Advanced Structural DOynamics",

Dhanpat Rai and Sons, Delhi - 6, 1992.

MANICKA SELVAM, V.K., "Elementary Structural Dynamics",

Dhanpat Rai and Sons, Delhi - 6, 1987.

MANICKA SELVAM, V.K., KATHIROLI, S. and GEETHAKUMARI, S
"Natural Period of Vibration of Concrete Damg”, Indian
Journal of Power and River Valley Development,

Aug-Sept 1993, pp. 170 - 174.

MANICKA SELVAM, V.K., PALANIRAJ, S. and SHAJI, B.,
"Fundamental Period of Concrete Dams Using the Finite
Element Method", The Indian Concrete Journal, Vol. 61,

1987, pp. 267 - 270.



-

MARIA PAZ, "Structural Dynamics", Theory and
Computation, CBS Publishers and Distributors 485, Jain

Bhawan, Bhola Nath Negar Shahdara, Delhi - 110032, 1987

MARK FINTEL, "Handbook of Concrete Engineer:ng", Van

Nostrand Rein Hold Company, New York, 1974.

PRABHAKAR, N., "Structural Design Aspects of liyperbolic
Cooling Towers", National Seminar on Cooling Towers,

18-20, Jan. 1990.

PRABHAKAR, N., "Tallest Cooling Tower in Indie", Indian

Concrete Journal, April 1991, pp. 169-171.

SHAJI, B., "Fundamental Periqd of Concrete Dams Using
Finite Element Method", M.Tech Thesis, Dept. of Civil

Engineering (Structural Engineering), University of

Calicut, 1987.

TIMOSHENKO, S.P. and GERE, J.M., "Mechanics of

Materials", Van Nostrand Rein Hold Company, New York,

1972.
WILFRIED. B. KRATZIG and KNOSTATIN MESKOURIS, "Natural
Draught Cooling Towers An Increasing N=ed ffor

Structural Research", Bulletin of the International
Association for Shell and Spatial Structures, Vol. 34,

1993, pp. 37 - 51.



APPENDIX I

The following data are available for a gravity dam

Total height of the dam H
Top width of the dam t
Bottom width b

Width at mid height a
Mid height of the dam h
Poisson's ratio ¥

Young's modulus of concrete

Shear modulus, G

Acceleration due to gravity g
Unit weight of concrete
5olution

Substituting a,b and h

in

310 m
10 m
220 m

115 m

9.81 m/sec2

ontribution due to unit load is given by

Substituting a,b

ontribution becomes

and h in

= 24 KN/m3

Egqn. 3.10 the shear
= 1.1491/G
Egqn. 3.15 the flexural

0.9650/G



‘herefore, flexibility influence coefficient

= = 2.1141/G
115 x 310 x 24 x 1
Mass of the dam m = e
9.81
= 87217 KN-sec®/m
, 1 2.5 x 10’
Now p = - = mmmemm e
m 2.3 x 87217 x 2.1141
. = 58.95
P = 7.68 rad/sec.
2 IT 2 IT
Natural period T = —————- = mm————
P 7.68
= (0.818 sec
5.55 HZ W
Using code procedure T = mmmmmme—m —e o_.
B g E_
=3
= 0.758 sec.
FOR TDOF MODEL
Solution
First the bottom segment 1 is considered, for this
segment
a = 167.5 m
b = 220.0 m

h = 77.5 m



Substituting the above in Egn. 3.10 gives the

contribution

5

11

H

0.4825/G

shearing

Substituting in Egn. 3.15 gives the flexural contribution

all = 0.0906/G
Therefore the principal flexibility
i i
O ff. . - . \f
coeificient Jll Sll + 011
0.4825 0.0906 0.5731
= [------ + —mmme ] = memee-
G G (z

Considering the segment 2 in the top, the detalls

follows :

a = 62.5 m
b = 220 m
h = 232.5 m

Substituting the above in Egn. 3.10 and Egn. 3.15

respectively

52

]
Soy = 4.805/G

2.229/G

The flexibility influence coefficient

5 _ g ! . ; u

22 22 22

influence

are as



Mass of the segment 1, m

Mass of segment 2, m,

The Dunkerley's eqn. is

1

2
P

The natural period T

The corrected period T

23700 KN sec2/m

§‘

(my g11 *my 9oyl
53.52
7.315 rad/sec

2 II
_______ = 0.858 sec
7.315

0.858

_______ = 0.753 sec



APPENDIX II
Data same as given in Appendix I

The cross section of a dam discretized into three
2gments 1is shown below. There are three stations (1) (2)
1d (3) shown ringed on the sight side where the

‘anslational degrees of freedom X1 %, and X, are locatec.

1 R S

)  Formulation of [ é.s] matrix

The station No. 3 is considered first

h = 51.666 m
a = 185 m
b = 220 m
_ 7 2
G = 1.0869 x 10" KN/m



E = 2.5 x 107 KN/m2

substituting the above data in Egn. 3.23

<‘

8
¢33

= 2.824 x 10 ° m

From the knowledge of shearing deflection characteristic, it

follows that

] - 8 - 5;3

33 23

From reciprocal theorem
¢
23 = 532

$

13~ J31

In the same way 522 and 5&1 can be determined

5;2 = S12 = 5‘21

The matrix [ J-S] becomes

2.586 1.057 0.282
LS o= 10”7 1.057 1.057 0.282

0.282 0.282 0.282

-



b) Formulation of [ 5—f] becomes

The leading elements c;ll' é;22 and 333 are found

by substituting relevant value for a, h and G besides b

“Egn. 3.24.
We get

§ _ -7
11 = 7-336 x 107 ' m

¢ _ -8

0 ,, = 8.883 x 107" m

S = 2.356 x 10 ° m
33 .

in

Using the strength of materials theory, the off-diagonal

elements can be found using the concerned rotat:on O

£e
¢
For example, J 13 is found as
Ji3 = S35 + 2 5 0
®f - slope eat station 3 when unit load is applied

station 3

S - 103.333 m

By substituting

h = 51.666 m

a = 185 m

b = 220 m

E = 2.5 x 107 KN/mZ

A6

at



in Egn. 3.25

o, = 7.155 x 10 ' radgian
J = 2.356 x 107° -11 33
13 - 2. x + 7.155 x 10 x 2 x 103.333
_ -8 o
= 1.714 x 10 m = ¢ 31
In this way all the elements can be computed
7.336 1.959 0.174
L& o= 1077 1.959 0.888 0.0975 metres
0.174 0.0975  0.0236
By adding | S-s] and [ g.f] matrices
9.923 3.016 0.454
[ g 1 = 1077 3.016 1.945 0.380 metres
0.454 0.380 0.306

The above matrix can be inverted to get the lateral

stiffness matrix [k]

c) Formulation of Mass Matrix

The mass corresponding to degree of freedom 1

=
Il

1 1/2 x 103.33 x [10 + 80] X —=-=-==-

it

11376.15 KN sec®/m

n 7



Similarly m

The mass matrix [m] =

2 and m3 are found

—
11376.15
0
0
e

0
29072.38

0

46768.60

Using the materal stiffness matrix [k] and

matrix [m] in Jacobi's program,

follows.

Eigen values

2
P

67.4

383.3

1073.6

Eige

n R

the eigen

n vectors

1.000
0.3874

0.0704

1.000
0.893

0.399

1.000
2.003

3.396

pairs

0

0

the

are

e

mass

as



APPENDIX III

3a

ol

3 - bay Vierendeel Girder
Calculation of Deflection (3-Bay)

Unit load is applied at station (1) as shown in Fig.

the girder is analysed the deflection

M m dx
S

E T
. af2
2 2
(1/3x%x)° dx (1/6x)° dx
= 8  \--m-——m———-—- + 12 e
ET E I
0
3 0
a
19.64 E I

Similarly unit load is applied at Station (2) the deflection



Calculation of Weight

Assumed Data

The spacing of the girde;

Thickness of the slab
dimension

Dimension of bay

Live load

Snow load
Solution

1. Weight of the girder

2. Weight of slab/girder

12 x 12 cm
2 xXx 2 m
2.5 KN/m2

0.1 KN/m2

10 x 0.12 x 0.12 x 2 % 24
7 KN
24 ¥ 0.09 ¥ 4 x 6

51.84 KN say 52 KN

3. Live laqad for earthquake desjgn is 25% of L.L

4. Snow 1oéd

Total load

Load/translational D.O.F

Mass =

i

2.5 x 6 x 4 x 0.285

15 KN
0.1 x 6 x 4 = 24 KN
76.4
76.4
—————— = 25.5 KN
3

2.6 KN—secz/m



